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Abstract˖ 
Typical cold-formed steel (CFS) moment-resisting connections generally have relatively low 
ductility and energy dissipation capacity as a result of low local/distortional buckling 
resistance of thin-walled CFS elements, and therefore, may not be suitable for seismic 
applications. To address this issue, a comprehensive analytical study is presented on the 
seismic performance of CFS bolted beam-to-column connections with fiction-slip mechanism 
aiming to obtain more efficient design solutions suitable for CFS frames in seismic regions. 
Experimentally validated finite element (FE) models in ABAQUS are used to predict the 
hysteretic behaviour and failure of a range of CFS connections by taking into account the 
characteristics of the bolting system as well as nonlinear material properties and 
geometrical imperfections. The developed models are then used to investigate the effects of 
CFS beam cross-sectional shape and classification, bolt configuration, and slip resistance on 
the seismic performance of the connections. It is shown that using bolting friction-slip 
mechanism can significantly increase (up to 200%) the ductility, energy dissipation capacity 
and damping coefficient of the connections especially for CFS beams with thinner plates 
(class 3 and 4). Based on the results, the best design configurations are identified to improve 
the cyclic response of the CFS connections under strong earthquakes. While conventional 
bolted moment connections with class 3 and 4 beam cross-sections generally do not satisfy 
the AISC requirements for intermediate and special moment frames, it is shown that 
2 
 
optimum designed connections with bolting friction-slip mechanism can be efficiently used 
in high seismic regions.  
Key words: Cold-formed Steel; Seismic Performance; Friction-slip Mechanism; Bolted 
Moment Connection; Cyclic behaviour; Optimum Design 
1. Introduction   
Cold-formed steel (CFS) sections are produced by rolling or pressing of thin-walled steel 
sheets to form open cross sectional shapes at ambient temperature (cold working). In 
general, CFS elements can be more economical and efficient compared to their hot-rolled 
counterparts due to their inherent advantages such as high strength-to weight ratio, ease 
and speed of construction, and especially higher flexibility in manufacturing various cross-
sectional profiles and sizes [1-3]. Traditionally, application of CFS sections as main structural 
components has been restricted to the conventional shear walls (or stud wall) systems. The 
seismic behaviour of shear walls with different configurations and bracing systems has been 
investigated experimentally by several full-scale cyclic and monotonic tests [4-6]. While 
there is a consensus that shear wall systems can generally carry lateral and vertical loads up 
to the limits required by most seismic codes, typical CFS shear wall systems may not provide 
high ductility mainly due to the premature buckling of the thin-walled stud elements [7].  
Previous studies indicated that, in general, CFS bolted moment connections are capable 
of providing sufficient flexural stiffness, ultimate strength, and deformation capacity for 
multi-storey moment-resisting frames [3, 8]. However, by increasing the width-to-thickness 
ratio of CFS plates, the typical CFS bolted moment connections may not be able to provide 
enough energy dissipation capacity and ductility [9]. This limitation is a major obstacle for 
widespread application of CFS moment-resisting frames in seismic regions.  
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Seismic design of structures normally relies on inelastic deformations through hysteretic 
behaviour, leading to damage and permanent deformation of structural elements, and 
hence high repair costs, following a strong earthquake event. In steel construction, using 
friction-slip mechanism is known as an alternative seismic design approach, implemented to 
absorb the energy of the earthquake and consequently reduce and control the damage to 
the structural elements [10] . In general, development of plasticity in the connection zone of 
CFS moment-resisting frames cannot be easily achieved due to the higher vulnerability of 
thin-walled elements (i.e. with large width-to-thickness ratio) to local/distortional buckling 
compared to their hot-rolled counterparts [9]. Therefore, accommodating friction-slip 
mechanism in the CFS bolted moment connections to dissipate the earthquake input energy 
can provide a practical solution to improve the seismic performance of CFS moment-
resisting frames. In practice, friction-slip mechanism can be easily activated in bolted 
moment connection by providing appropriate bolt tightening and detailing [10], which is 
presented schematically in Fig. 1.  
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Fig. 1: Slippage and bearing behaviour of a CFS bolted moment connection with friction-slip 
mechanism   
The monotonic and cyclic performance of CFS bolted beam-to-column connections with 
through plates have been the topic of several investigations before [10-16]. The results of 
these studies, in general, show that CFS bolted moment connections follow a typical 
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response comprising of a linear deformation phase followed by a slip range, a strength 
hardening response due to the bearing action of bolt shank against the steel sheet and 
finally a strength degradation phase caused by the local buckling of the connected CFS 
elements. It was also demonstrated that CFS moment-resisting connections are generally 
categorised as semi-rigid conditions [15]. Similarly, experimental tests on apex and eaves 
CFS bolted connections showed a semi-rigid behaviour mainly as a result of bolt-hole 
elongation in the thin-walled CFS plate [3]. In a follow-up study,  Lim et al. [8] concluded that 
the bolt-group size can also considerably change the bending capacity of CFS connections.  
Bagheri Sabbagh et al. [17] investigated analytically the cyclic behaviour of CFS bolted 
moment connections by considering bolt slip effects. The results of their study showed that 
the proposed FE model could reasonably capture the hysteretic behaviour of the 
connections. However, the results were limited to the connections with curved-flange beam 
sections and rectangular bolt configuration. More recently, Shahini et al. [18] used 
experimentally validated FE models to estimate the hysteretic energy dissipation capacity of 
the CFS connections with circular bolting arrangement designed to slip at a specific value. It 
was concluded that the bolting friction-slip mechanism can effectively delay the local 
buckling and yielding in the CFS beams. 
Based on the outcomes of the above mentioned studies, it can be concluded that the 
seismic performance of CFS moment-resisting connections depends on the following design 
parameters: (a) bolt distribution and bolt tightening (bolt slippage); (b) material yielding and 
bearing around the bolt holes; (c) yield lines developed in the buckled CFS plates; and (d) 
shape and dimensions of the beam cross section. The effects of these factors will be 
investigated in this study and will be used to obtain more efficient design configurations for 
CFS bolted moment connections with bolting friction-slip mechanism with higher energy 
dissipation capacity and ductility. Detailed nonlinear FE models are developed by 
considering the effects of initial geometrical imperfections. To model the friction-slip 
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mechanism, equivalent connector elements are used to represent the bearing behaviour of 
a single bolt against CFS plate as well as the slip action of the bolts. The developed models 
are then verified against the results of an experimental programme on the  cyclic  behaviour 
of CFS bolted connections [10]. Subsequently, based on a comprehensive parametric study, 
the influence of different design parameters such as cross-sectional shape, member 
classification, slip load resistance, and bolt configuration are investigated on the seismic 
performance of the connections. Based on the outcomes of this study, practical 
recommendations are proposed for more efficient design of CFS bolted moment 
connections with friction-slip mechanism. 
2. Experimentally Validate FE models 
2.1 Element type, loading and boundary conditions 
Detailed Finite Element (FE) models have been shown to be efficient in predicting the 
monotonic [19, 20] and cyclic [17] behaviour of CFS connections.  In this study, the general-
purpose S8R element in ABAQUS [21] is used to model the CFS connection components. By 
conducting a mesh sensitivity analyses, the mesh size 20×20 mm was found to provide a 
balance between computational efficiency and accuracy. Fig. 2 shows the adopted boundary 
conditions, which are similar to the reference experimental test set-up [10]. The back-to-
back channel column is connected to the base by using pinned support, while the 
translational degrees of freedom on top face of the column are restrained. Since the back-
to-back beam was assembled with bolts and filler plates in the experimental tests, the web 
lines are connected together in the UX, UY and UZ ĚŝƌĞĐƚŝŽŶ ƵƐŝŶŐ ƚŚĞ  “dŝĞ ? constraint in 
ABAQUS [21]. Lateral bracing in the X direction is imposed at the locations of lateral frames 
used in the experiments to prevent lateral torsional buckling of the beam element [10] (see 
Fig. 2). Previous studies showed that the panel zone deformation can also affect the rotation 
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of the connections [22, 23]. Due to the use of column stiffeners in the reference tests, it is 
assumed that the connection panel zone remains elastic. 
 
 
 
 
Fig. 2: FE model of the beam-column connection 
A tip displacement corresponding to rotation of the connection is applied at the 
Reference Point (RP) on the cross-sectional centroid of the beam end section. The cyclic 
loading regime suggested by AISC 341-16 [24] is used as shown in Fig. 3 (similar to the 
reference experimental tests [10]). To obtain the response of the connections, displacement 
control nonlinear analyses are conducted in ABAQUS [21].  
 
Fig. 3: Cyclic loading regime used for the reference test [10] and analytical studies 
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2.2 Material properties 
The widely-used constitutive stress-strain model developed by Haidarali and Nethercot 
[25] is adopted in this study:  
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where E is the elastic modulus, 0.2V is the 0.2% proof stress, 0.2H represents the strain 
corresponding to 0.2V and n is a constant parameter that is used to determine the 
roundness of the stress-strain curve. The best agreement between the adopted model and 
the engineering stress-strain measurements from the coupon tests [10] is obtained by using 
n= 10, 0.2 310MPaV  , 210E GPa  and the ultimate strain equal to 0.08 (see Fig. 4).   
 
Fig. 4: Stress-strain curve used in the FE model. 
 
2.3 Imperfection 
As mentioned before, the lateral-torsional buckling was prevented in the reference tests  
by using a lateral bracing system in the experimental test setup [10]. Therefore, only local 
and distortional geometrical imperfections (the one with the lower critical buckling 
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resistance) are incorporated into the FE model. The imperfection magnitude for the 
thickness of steel sheet (t) less than 3mm is considered to be 0.94t  and 0.34t for distortional 
and local imperfections, respectively, as suggested ďǇ ^ĐŚĂĨĞƌ ĂŶĚ WĞŬೌǌ [26]. For plate 
thicknesses (t) grater than 3mm, the imperfection magnitude is assumed to be 0.3 stO as 
recommended by Walker [27], where sO  is the cross-sectional slenderness. The general 
shape of the local and distortional imperfections is generated based on the first buckling 
mode of the CFS connection obtained by an eigenvalue buckling analysis in ABAQUS. It 
should be noted that to include geometrical imperfection under monotonic load, the 
eigenvalue buckling analysis is conducted by applying a tip displacement in the Z, which 
leads to an unsymmetrical mode as shown in Fig. 5 (a). However, in the case of cyclic loading, 
a symmetrical imperfection mode is generated by performing two eigenvalue buckling 
analyses on +Z and -Z direction and then combining the results of the first buckling mode 
shapes as shown in Fig. 5 (b). 
           
Fig. 5: Geometrical imperfection in the cases of (a) monotonic and (b) cyclic load 
2.4 bolt modelling 
To simulate the nonlinear behaviour of CFS connections, a simplified connection 
element is developed based on ƚŚĞ ĐŽŶĐĞƉƚ ŽĨ  “ĐŽŵƉŽŶĞŶƚ ŵĞƚŚŽĚ ? [28]. The bolt slip 
resistance slipF  is considered to be a function of bolt pretension force bP  (corresponding to 
the applied torque) and friction coefficient P  of the contact surfaces [15] : 
(a) (b) 
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slip b bF P nP                                                                (2) 
where bn  is the number of slip planes. In this study, based on the mean frictional coefficient 
for galvanised steel surfaces , P  is assumed to be 0.19 [29] .  
To model individual bolt elements, the point-ďĂƐĞĚ  “&ĂƐƚĞŶĞƌ ?in ABAQUS [21] with a 
two-layer fastener configuration is utilised as illustrated in Fig. 2. Each layer is connected to 
the CFS beam element and through plate using the connector element, while the bolt shank 
ƌĂĚŝƵƐŝƐƌĞƉƌĞƐĞŶƚĞĚďǇĚĞĨŝŶŝŶŐĂ “ƉŚǇƐŝĐĂůƌĂĚŝƵƐ ? ?r ) to simulate the interaction between 
the bolt and the nodes at the bolt-hole perimeter. This modelling approach can improve the 
convergence of the analyses by reducing the stress concentrations at the bolt positions.  
As shown in Fig. 6 (a), each fastener point is connected to the CFS steel plates through a 
connector element by coupling the displacement and rotation of each fastener point to 
those of the adjacent nodes. The friction-slip behaviour is then assigned to the connector 
element using  “ĂƌƚĞƐŝĂŶ ?ǁŝƚŚthree parallel translational degrees of freedom representing 
 “ůĂƐƚŝĐŝƚǇ ? ?  “&ƌŝĐƚŝŽŶ ? ĂŶĚ  “^ƚŽƉ ? ďĞŚĂǀŝŽƵƌƐ ? ĂƐ ƐŚŽǁŶ ŝŶ &ŝŐ ? 6 (b). To model  “ůĂƐƚŝĐŝƚǇ ? 
characteristic, a rigid behaviour is assigned to the local coordinate system corresponding to 
the shear deformation of the bolts. The friction coefficient P  and internal contact force 
b
P  
in Eq. (2) are used ƚŽŵŽĚĞů “&ƌŝĐƚŝŽŶ ?ďĞŚĂǀŝŽƵƌ ?dŚĞ “^ƚŽƉ ? behaviour is also used to limit 
the bolt slip movement within the bolt-hole clearance. The connector behaviour is 
schematically presented in Fig. 6 (c). 
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Fig. 6: Modelling of the single bolts: (a) fastener; (b) connector components; and (c) slip-
bearing behaviour 
Based on the above discussion, the connector behaviour is characterised as follows: 
(a) The connector is reasonably assumed to be rigid before activation of the bolt slippage (i.e. 
up to the slip resistance slipF  ). 
(b) Connector shear force is gradually developed and overcomes frictional resistance ( slipF ), 
and subsequently relative slippage between the two plates in each layer of the CFS 
connection starts to happen (see Fig. 6 (a)). The slippage will stop when the bolt shank is in 
contact with the hole perimeter surface. 
(c) When the relative displacement between two fastener points exceeds slip' , the bearing 
stiffness is considered to be practically infinite. 
(a) (b) 
(c) 
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2.5 Validation of FE models 
The CFS bolted moment connection used in this study is mobilised with a friction-slip 
mechanism, which activates the bolt slippage before the buckling of CFS beam profile. Based 
on Eq. (2), the pretension force in the bolts is directly related to the applied torque. In the 
reference experimental test, the friction force was provided by pre-tensioning the 
connection bolts using 240 N·m torque controlled by a torque wrench [30].  
The physical radius used to model the bolts (see Fig. 6) is defined in accordance with the 
bolt shank radius equal to 9 mm [30]. To partially account for the effect of bolt elongation of 
the plate holes, the range of slippage of the stop element in Fig. 6 is increased from 1mmr  to 
2mmr  in the first lines of the bolts [10]. The experimental measurements and FE responses 
subjected to both monotonic and cyclic loading are presented in terms of moment-rotation 
(M-װ) hysteretic curves in Fig. 7. The failure shape under the cyclic loads obtained from the 
FE model is also compared with the experimental observations in Fig. 8 at the end of cyclic 
loading where the rotation reaches 0.1 rad. Generally, the results of numerical simulations 
under cyclic load compare very well with the corresponding experimental observations. 
However, compared to the cyclic load condition, slightly lower strength degradation is 
observed in the M-װ curve under the monotonic load. This behaviour can be attributed to 
the fact that the cyclic deterioration effects cannot be accurately captured under monotonic 
loading condition. It should be mentioned that, after a number of cycles, the slip resistance 
was reduced in the reference experimental test [10]. This can be justified since the high 
torque applied in the assembling process affects the contact surface between the plates 
after a number of loading cycles and the new slippage force will be then stabilised. The 
slippage resistance corresponding to the normal surface contact condition defined in Eq. (2) 
proved to be reasonable in the numerical validation of FE modelling against tested results in 
this study. It is shown in Fig. 8 that the detailed numerical model could accurately simulate 
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the bolting friction-slip mechanism and predict the general shape and location of 
local/distortional buckling in the tested connection. 
 
 
Fig. 7: Comparison between experimental (tested by Bagheri et al. [10]) and FE moment-
rotation results under: (a) monotonic load and (b) cyclic load 
     
Fig. 8: Comparison between experimental observations and analytical results: (a) 
experimental cyclic load (adopted from [30]), (b) FE under monotonic load, and (c) FE under 
cyclic load 
3. General response of connections with and without friction-slip 
mechanism 
CFS bolted moment connections with bolting friction-slip mechanism can reduce 
damage in structural elements by absorbing a part of earthquake input energy and also 
decrease maximum stresses in connection zones through slippage of the bolts. To show the 
efficiency of the proposed system, the flexural deformation and the von-Mises stress 
distribution of the connections with and without bolting friction-slip mechanism are 
extracted from FE analysis and compared in Fig. 9. While the details of the FE models for 
both types of connections are similar (see Section 2), bolt slippage is prevented in the 
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connections with no friction-slip mechanism by using very high pretension force values [31]. 
The results in Fig. 9 confirm that using the proposed friction-slip mechanism can significantly 
reduce the stress concentrations in the connection zone.   
In general, the flexural behaviours of a typical CFS bolted moment connection and the 
one which friction-slip mechanism is mobilised through slippage of the bolts can be 
distinguished in different phases as shown Fig. 10. The first phase (O-A) occurs during initial 
loading of the connection corresponding to the elastic performance of the connection. 
During this phase, the bearing action of the bolts occurs for both types of connection. 
However, in the connection with friction-slip the bearing action is interrupted at slip 
moment Mslip (point A), which corresponds to the beginning of bolts slippage phase. The 
total slippage ( bT ) in the connection can be determined based on the summation of bolt 
holes clearance and elongation. It will be discussed in section 4 that the slip moment (Mslip) 
and bolt clearance are the key parameters which affect the energy absorbing capability of 
friction-slip systems.  
As can be seen in Fig. 10, point B corresponds to the position that the bearing action of 
the bolts is re-ĂĐƚŝǀĂƚĞĚ ? WŽŝŶƚƐ  ĂŶĚ  ?show the peak moments (Mp) of the CFS bolted 
moment connections with and without bolting friction-slip mechanism, respectively. In the 
final stage, there is a sudden loss of strength for both connections due to local buckling of 
the beam element. In this study, it was assumed that the ultimate moment of both 
connections (Mu) is reached at 20% drop from peak moment  ?ƉŽŝŶƚƐ  ĂŶĚ  ? ĨŽƌ
connections with and without friction-slip mechanism, respectively).  
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Fig. 9: Von-Mises stress distribution and coressponsing damage in the (a) normal, and (b) 
mobilised friction-slip connections with flat-flange beam section and circular bolt 
configuration  
 
Fig. 10: Moment-rotation relationships of CFS connections with and without bolting friction-
slip mechanism 
 
Fig. 11 compares the cyclic hysteretic performance of the CFS bolted moment 
connection without and with friction-slip mechanism under cyclic loading regime shown in 
(a) 
(b) 
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Fig. 3. The results indicate that, similar to monotonic behaviour, using friction-slip 
mechanism provides a horizontal shift in each cycle of hysteretic moment-rotation curve 
while the peak and ultimate moments are not considerably affected. This will be discussed in 
more detail in the following sections. 
 
Fig. 11: Example of comparison between cyclic hysteretic performance of the CFS bolted 
moment connection without and with friction-slip mechanism 
4. Key design parameters  
In this section, the effects of key design parameters including CFS plate thickness, beam 
cross-sectional geometry, bolt configuration and bolt slip load resistance are investigated on 
the structural performance of the CFS bolted moment connections with bolting friction-slip 
mechanism. As shown in Table 1, four different cross-sectional shapes including flat-flange, 
stiffened-flange (i.e. with intermediate stiffeners), folded-flange and curved-flange are 
selected using 1, 2, 4, 6 mm plate thicknesses. For comparison purposes, for all cross 
sections the total plate width is kept constant (i.e. the same amount of material is used).   
For each type of connection, three different types of bolt configurations including square, 
diamond and circle are considered. It should be noted that, to increase the practicality of the 
connection, the number of bolts was reduced to 9 (compared to 16 bolts in the reference 
experimental tests [10]). While the circular bolt configuration may be less practical 
compared to the other configurations, it is used in this study mainly for comparison 
purposes.  
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Table 1: Different channel types and bolt configurations, L=2000 mm 
Channel type Bolt configuration 
Flat-
flange 
 
Square 
 
Stiffened-
flange 
 
Diamond 
 
Folded-
flange 
 
Circle 
 
Curved-
flange 
 
 
4.1 Cross-sectional classification  
Eurocode 3 (EC3) categorizes cross-sections into four different classes (1, 2, 3 and 4) 
according to their susceptibility to local buckling obtained based on their moment-rotation 
behaviour (M-ઙ). The EC3 classifications are illustrated in Fig. 12, where My, Mp and Mu 
represent, respectively, yield moment, plastic moment and peak moment capacity of the 
CFS section. Class 4 cross-sections generally experience local buckling before attaining the 
yield moment capacity (Mu<My). While the maximum compressive stress in class 3 cross 
sections reaches the yield strength, the development of full plastic moment resistance is 
generally prevented by local buckling of the section (My <Mu<Mp). Class 2 cross-sections 
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represent elements that exhibit full plastic moment capacity, but their ultimate plastic 
rotations are not reached due to the local plastic buckling of compression part (Mp<Mu). 
Class 1 cross-sections can reach their full plastic moment capacity with sufficient plastic 
rotation (Mp<Mu). According to the FE results, in this study all cross sectional shapes with 1, 
2, 4 and 6 mm plate thickness are classified as class 4, 3, 2 and 1, respectively [31]. 
 
Fig. 12: EC3 cross-sectional classification definition 
4.2 Effect of various bolt slip resistance 
 
To assess the influence of using different bolt slip resistance on the overall moment-
rotation behaviour of the studied connections, a range of bolt pretensions are applied on 
the connections with the beam flat-flange class 1 (t=6mm). The slip resistance design values 
are calculated based on the allowable slip resistance suggested by ASTM A325 [32] using the 
following equation: 
1.13P n b mR N T                                                         (3) 
where nR is slip resistance of the connection, P is the frictional coefficient, bN is the 
number of bolts, and mT  is minimum bolt pretension. Monotonic analyses are then carried 
out on the connections with three different bolts pretensions. Bolt pretensions are selected 
to be: mT =90 kN which activates the bolt slippage while the CFS beam is still in the elastic 
behaviour range, mT =270 kN which activates the slippage of the bolts when CFS is in its 
inelastic behaviour range, and fully clamped beam (no friction-slip). As shown in Fig. 13, the 
adopted friction-slip mechanism generally generates a horizontal shift in the moment-
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rotation response while the global behaviour of the connection is very similar to the no 
slippage connection. It should be noted that, depending on bolt configuration, the behaviour 
of the connection with friction-slip mechanism in inelastic range (especially after buckling) 
may be slightly different compared to the connection with no friction-slip mechanism. It can 
be also seen in Fig. 13 that changing the value of the bolt pretension force can shift the 
starting point of slippage in moment-rotation curve while performance of the connection in 
both elastic and inelastic stages remains unchanged. It is worth noting that while the 
dominant failure mode in CFS bolted moment connection is local buckling of the beam close 
to bolt-group, accommodating bolting friction-slip mechanism in the connection using 
different bolt-pretension force and bolt configurations did not change the failure mode. 
Consequently, activation of friction-slip action in CFS bolted moment connections provides a 
means to adjust the global behaviour of the connection, especially when higher class beam 
sections (thicker elements) are utilised. Friction-slip mechanism and its effects on maximum 
moment capacity, energy dissipation and damping coefficient will be discussed in Section 5 
by using the results of cyclic analyses on the connections.  
 
 
Fig. 13: The moment-rotation behaviour of class 1 connections using different bolt 
configurations and pretension forces: (a) Circle, (b) Diamond, (c) Square 
(a) (b) 
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5. Seismic Performance of CFS bolted moment connections with 
friction-slip mechanism 
5.1 Moment-rotation behaviour 
To show the typical response of CFS bolted moment connections mobilised with friction-
slip system, Fig. 14 compares the moment-rotation response of the connections with flat-
flange channels using 1, 2, 4 and 6 mm plate thicknesses. The moment-rotation envelope is 
obtained by plotting the locus of peak moment points at the first cycle of each load 
amplitude in both positive and negative directions. It should be mentioned that the effects 
of strength degradation due to cyclic loading are indirectly considered in the cyclic moment-
rotation envelope (unlike monotonic moment-rotation envelope) [30, 33, 34]. In this study, 
the rotation of the connection is calculated by the vertical displacement at the beam tip to 
the length of the beam up to the through plate. It is worth mentioning that the dominant 
mode of failure in the selected connections with and without friction-slip is always local 
buckling in the CFS beam. However, the deformation of buckled area of the beam is less 
intensified when slip action is activated in the connection (see Fig. 9).  
 
      (a) t=1 mm                                                                (b) t=2 mm 
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      (c) t=4 mm                                                                (d) t=6 mm 
Fig. 14: Moment-rotation cyclic relationship and envelope curves of the CFS connections 
with flat-flange beam section and circular bolt configuration 
5.2 Connection moment capacity  
Fig. 15 shows the maximum moment capacity of both connections with and without 
bolting friction-slip system, indicating the effect of bolt slippage is generally negligible on the 
flexural strength of the connections regardless of the beam cross-sectional class. The minor 
differences can be attributed to the fact that after bolt slippage the centre of rotation shifts 
from the centre of the bolts, leading to a small change in the maximum flexural capacity of 
the connections. The results in Fig. 15 indicate that the beam cross-sectional class and the 
bolt configuration are the most influential parameters on the flexural capacity of the CFS 
connections. Compared to other bolt configurations, using a conventional square bolt 
configuration generally resulted in a higher (up to 32%) flexural capacity in the connections, 
especially where class 1 and 2 beam sections were used. While it was previously shown that 
bent flange sections can generally provide noticeably higher flexural capacity compared to 
their standard flat-flange counterparts [10, 35], the results of this study indicate that using 
bent flange sections can improve the capacity of the connections by less than 10%. This is 
referred to two main reasons: (i) effect of bi-moment generated due to presence of bolts [8], 
and (ii) The effect of flange shape on the moment capacity of the connection is reduced 
when channel sections with a deep web are utilised.  
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Fig. 15: Moment capacity of CFS connections with different bolt configurations and cross-
section classes (C1, C2, C3, and C4 are cross-section classes 1, 2, 3 and 4, respectively) 
5.3 FEMA bilinear idealisation model  
To calculate the nominal yield and ultimate rotation of the connections, idealised bilinear 
models recommended by FEMA-356 [36] are obtained using the cyclic moment-rotation 
envelope results (see Section 5.1). As shown in Fig. 16, the yield rotation (Ty) is calculated 
based on the condition that the secant slope intersects the actual envelope curve at 60% of 
the nominal yield moment (My), while the area under the bilinear curve is set to be equal to 
that enclosed by the original curve up to the target displacement (Tt). The adopted model is 
suitable for CFS connections as it is capable of considering both ascending and descending 
post-yield responses (see Fig. 16). In this study, the rotation at which the flexural capacity of 
the connection reduced by 20% of its maximum value was considered as the target rotation 
(i.e. Tt = Tu) [24]. In the following sections, the FEMA idealised bilinear models calculated for 
the different CFS bolted moment connections are used to obtain the energy dissipation 
capacity and ductility of the connections under cyclic loading condition.  
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Fig. 16: FEMA idealisation model: (a) Post-yield ascending response, (b) Post-yield 
descending response 
5.4 Energy dissipation  
In this study, the area under the FEMA idealised bilinear curves (see Section 5.3) is used 
to calculate the energy dissipation capacity of the different CFS connections. Table 2 lists the 
energy dissipation capacity results without and with bolting friction-slip mechanism (stand 
for (E) and (Ef), respectively). It can be seen that that the energy dissipation capacity of 
connections with beam cross-section class 3 and 4 (2 mm and 1 mm thickness) is almost 
negligible due to premature buckling of the CFS beams at early stage of loading. However, 
class 1 and 2 elements (6 mm and 4 mm thickness) with the same cross-sectional shapes can 
develop their full plastic moment capacity (see section 4.1), and therefore, they result in 
significantly higher (up to 40 times) energy dissipation capacity in the connections.  
It is shown that using bolting friction-slip mechanism can increase the energy dissipation 
capacity of the connections by approximately up to 200% and 50% for cross-sections class 3-
4 and class 1-2, respectively. This is especially evident when diamond configuration of the 
bolts is used. The results indicate that in general stiffened-flange and folded-flange sections 
provide the highest energy dissipation capacity in the connections compared to other cross-
sectional types in both connections with and without bolting friction-slip mechanism.  It is 
also shown that the bolt distribution can play an important role in increasing the energy 
dissipation capacity of the connections. Using conventional square bolt configuration 
(a) (b) 
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generally leads to higher energy dissipation capacity (up to 25%) in the connections with 
beam cross-section class 3 and 4, while diamond bolt configuration usually provides higher 
(up to 70%) energy dissipation capacity when class 1 and 2 elements are used.   
It should be noted that CFS connection with bolting friction-slip mechanism can be 
designed to provide higher energy dissipation by adjusting bolt pretension force in beam 
cross-section class 1 and 2, so slippage of the bolts is activated in the plastic stage of the 
moment-rotation curve.  The results of this study showed that reasonable increasing of bolt 
holes clearance can also slightly increase the energy dissipation capacity of the connections. 
Table 2: Comparison between energy dissipation capacity of the CFS bolted moment 
connections without ( E ) and with friction-slip mechanism ( fE ) 
Plate 
thickness 
(mm) 
Beam type 
Energy dissipation capacity (J) 
Circle distribution Diamond distribution Square distribution 
E      Ef     ࡱࢌ ࡱΤ  E      Ef     ࡱࢌ ࡱΤ  E   Ef     ࡱࢌ ࡱΤ  
1 
Flat 210 613 2.92 197 501 2.55 147 547 3.72 
Stiffened  407 719 1.76 308 641 2.08 371 700 1.89 
Folded 334 670 2.00 307 661 2.16 355 760 2.14 
Curved 220 559 2.54 199 564 2.83 196 610 3.11 
2 
Flat 478 876 1.83 393 715 1.82 294 782 2.66 
Stiffened  815 1170 1.44 615 915 1.49 741 1144 1.54 
Folded 669 1010 1.51 613 944 1.54 709 1170 1.65 
Curved 440 799 1.82 398 805 2.02 392 872 2.22 
4 
Flat 2441 3059 1.25 2257 2794 1.24 1930 2281 1.18 
Stiffened  3081 3812 1.24 2767 3928 1.42 2846 3474 1.22 
Folded 2686 3349 1.25 3049 3770 1.24 2998 3271 1.09 
Curved 2263 2884 1.27 2702 4094 1.52 2131 2419 1.14 
6 
Flat 9178 9229 1.01 7724 8776 1.14 5653 7097 1.26 
Stiffened  10298 10460 1.02 8837 10094 1.14 6517 7889 1.21 
Folded 10525 10681 1.01 11720 13278 1.13 9149 10223 1.12 
Curved 7141 7578 1.06 8256 9814 1.19 7499 7993 1.07 
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5.5 Damping coefficient  
Damping coefficient is considered as an important indicator to evaluate the energy 
dissipation capability of structures [37-39]. In this study, the following equivalent viscous 
damping coefficient, eh , is adopted [40-42]:  
1
2
ABC CDA
e
OBE ODF
S Sh
S SS
                                                                (4) 
where the area of ABC CDAS S' '  represents the energy dissipated in one cycle at the 
expected rotation (hatched area in Fig. 17). OBE ODFS S' '  shows the total strain energy of 
the connection at the expected rotation by assuming the connection behaves elastically 
(double hatched area in Fig. 17). Points B and D denote, respectively, the maximum positive 
and negative moment capacities of a hysteresis loop. The eh damping coefficient can 
demonstrate the plumpness of the hysteresis loops in non-linear systems. 
 
Fig. 17: Definition of the equivalent viscous damping coefficient 
In this study, the equivalent viscous damping coefficients are calculated for the following 
two scenarios: (i) peak moment loops, in which the hysteresis loop reaches the maximum 
flexural capacity; (ii) ultimate moment (near-failure) loops, when the hysteresis loop reaches 
the ultimate point (corresponding to 20% drop from peak moment). Figs. 18 and 19 show 
the equivalent viscous damping coefficients at peak and ultimate moment loops, 
respectively, for the CFS bolted moment connections using conventional square bolt 
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configuration with and without friction-slip mechanism. It can be seen that the damping 
coefficients calculated based on the peak moment loops are smaller (up to 20 %) compared 
to those calculated based on the ultimate moment loops. However, in general, the results 
are consistent and follow a very similar trend.  
It is shown in Figs. 18 and 19 that using friction-slip system in the connections with 
cross-sectional class 3 and 4 can significantly increase (up to 6 times) the equivalent 
damping coefficient of the connections, while it may cause a small reduction in the damping 
coefficient when cross-sections class 1 and 2 are used. The main reason for this behaviour is 
that the plastic moment play a more dominant role in the damping of the connection with 
class 1 and 2 elements, and therefore, to improve the equivalent viscous damping 
coefficient the activation of slip resistance has to be postponed from elastic to inelastic 
stage of moment-rotation curve through adjusting bolt pretension forces.  
The results imply that connections with class 3 and 4 beam elements (2 mm and 1 mm 
thickness) without friction-slip mechanism provide very low viscous damping coefficients 
and, hence, may not be suitable for seismic applications. This problem can be sufficiently 
addressed by increasing the damping of the connections through a friction-slip mechanism 
(see Figs. 18 and 19). It can be also noticed that, for each type of connection, the effect of 
cross-sectional class on the damping coefficient is practically negligible. 
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Fig. 18: Equivalent viscous damping coefficients calculated based peak moment loops 
 
 
Fig. 19: Equivalent viscous damping coefficients calculated based on ultimate moment loops 
 
5.6 Ductility ratio  
According to most seismic design guidelines, moment-resisting connections in seismic 
regions should provide adequate ductility to resist high seismic loads. Ductility ratio (µ) is 
defined as the ratio of the ultimate rotation ( uT ) to the yield rotation ( yT ), as follows:  
/ 1u yP T T !                                                          (5) 
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As mentioned before, the FEMA idealised bilinear curves developed for different CFS 
connections were used to estimate the ductility ratios (see Fig. 16). It should be noted that 
since yield rotation (
y
T ) of the connections with friction-slip mechanism cannot be 
reasonably obtained by using FEMA idealisation model, the yield rotation is assumed to be 
the same as those calculated for the similar connections without friction-slip mechanism 
[31]. The ductility ratios of the CFS connections with and without friction- slip mechanism 
are compared in Fig. 20 by considering different design parameters including beam cross-
sections, bolt configurations and CFS plate thicknesses. The results indicate that using 
bolting friction-slip mechanism is particularly more efficient for the cross-sections with lower 
plate thickness (i.e. class 3 and 4), where they can lead to up to 100% higher ductility ratios 
compared to standard bolted moment connections. This can significantly improve the 
seismic performance of the connections with class 3 and 4 beam sections and make them 
suitable for seismic applications similar to those with beam classes 1 and 2.  
It can be observed from Fig. 20 that, in general, the ductility ratio of the connections is 
considerably influenced by the cross-sectional shape and classification of the CFS beam and 
the selected bolt configuration. Connections with lower beam cross-sectional class always 
exhibit higher ductility ratios. It can be also seen that, for the same beam cross-sectional 
class and bolt configuration, the highest ductility ratio is observed for folded-flange sections. 
For the connections with class 1 and 2 folded-flange and curved-flange sections, diamond 
bolt configuration leads to the highest ductility ratios. However, by using class 3 and 4 beam 
channels, the circle bolt configuration generally provides to highest ductility ratios. While 
circle and diamond bolt configurations can significantly improve (up to 85%) the ductility of 
the CFS moment connections with conventional square bolt configuration, they may not be 
very practical for the connections with a large number of bolts. 
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Fig. 20: Ductility ratio of CFS connections as a function of bolt configuration and beam cross-
section class (C1, C2, C3, and C4 are cross-section classes 1, 2, 3 and 4, respectively) 
5.7 Code requirement   
Most current seismic design guidelines (e.g. AISC 341-16 [24] and Eurocode 8 [43]) 
categorise steel moment-resisting frames into Special Moment Frames (SMFs), Intermediate 
Moment Frames (IMFs), and Ordinary Moment Frames (OMFs) based on their ductility 
capacity. AISC 341-16 [24] suggests that SMFs, IMFs and OMFs  should be capable of, 
respectively, exhibiting over 4%,  between 2% and 4%, and less than 2% inter-storey drift 
with less than 20% strength degradation. In the absence of clear criteria for CFS systems, the 
same definitions are used in this study to assess the suitability of moment CFS connections 
for seismic applications. Based on the results of the cyclic moment-rotation envelope curves 
(see Section 5.1), Table 3 lists the AISC structural performance category of each type of 
connections. It is shown that some connections with beam cross sections class 4 and 3 do 
not satisfy SMF and IMF requirements, and therefore, cannot be used in seismic regions. 
However, accommodating bolting friction-slip system in these CFS bolted moment 
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connections can considerably improve their ductility capacity to satisfy IMF and even SMF 
design requirements. This conclusion is in complete agreement with the results in previous 
sections and highlights the efficiency of the proposed friction-slip system for CFS moment-
resisting frames in seismic regions.  It should be noted that in this study the effects of low 
cycle fatigue and fracture of steel plate under cyclic loading have not been taken into 
account, which can be a topic for further research in this area. 
Table 3: Comparison between the structural performance of the CFS bolted moment 
connections with and without friction-slip mechanism according to AISC requirements 
Plate 
thickness 
(mm) 
Beam 
type 
AISC requirements 
Circle  distribution Diamond distribution Square distribution 
Without 
friction-slip 
With 
friction-slip 
Without 
friction-slip 
With 
friction-slip 
Without 
friction-slip 
With 
friction-slip 
1 
Flat OMF IMF OMF IMF OMF IMF 
Stiffened  IMF SMF IMF SMF OMF IMF 
Folded IMF SMF IMF SMF OMF SMF 
Curved OMF SMF IMF SMF OMF IMF 
2 
Flat IMF SMF IMF SMF OMF SMF 
Stiffened  SMF SMF IMF SMF SMF SMF 
Folded IMF SMF IMF SMF IMF SMF 
Curved IMF SMF IMF SMF IMF SMF 
4 
Flat SMF SMF SMF SMF SMF SMF 
Stiffened  SMF SMF SMF SMF SMF SMF 
Folded SMF SMF SMF SMF SMF SMF 
Curved SMF SMF SMF SMF SMF SMF 
6 
Flat SMF SMF SMF SMF SMF SMF 
Stiffened  SMF SMF SMF SMF SMF SMF 
Folded SMF SMF SMF SMF SMF  SMF 
Curved SMF SMF SMF SMF SMF SMF 
 
6 Summary and conclusions 
This paper aimed to investigate the efficiency of bolt friction-slip mechanism in 
improving the seismic performance of CFS moment-resisting connections and to provide 
more efficient design solutions for CFS frames in seismic regions. Experimentally validated FE 
models were developed by incorporating geometrical imperfections, material nonlinearity 
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and detailed characteristics of the bolting friction-slip system. A comprehensive analytical 
study was conducted to assess the influence of CFS beam cross-sectional shape and 
classification, bolt configuration, and slip resistance on the moment capacity, energy 
dissipation capacity, equivalent damping coefficient and ductility of the connections. Based 
on the results, the following conclusions can be drawn: 
x dŚĞ ƐŝŵƉůŝĨŝĞĚ ŵĞƚŚŽĚ ĂĚŽƉƚĞĚ ĨŽƌ ŵŽĚĞůůŝŶŐ ƐůŝƉƉĂŐĞ ŝŶ ďŽůƚĞĚ ŵŽŵĞŶƚ ĐŽŶŶĞĐƚŝŽŶ
ƵƐŝŶŐĨĂƐƚĞŶĞƌĞůĞŵĞŶƚƐƉĂƌĂůůĞůǁŝƚŚƐƚŽƉĞůĞŵĞŶƚƐŝŶYh^ƉƌŽǀŝĚĞƐĂŶĞĨĨŝĐŝĞŶƚĂŶĚ
ƌĞůŝĂďůĞ ƚŽŽů ƚŽ ƐŝŵƵůĂƚĞ ƚŚĞ ĞǆƉĞƌŝŵĞŶƚĂů ŵŽŵĞŶƚ-ƌŽƚĂƚŝŽŶ ďĞŚĂǀŝŽƵƌ ĂŶĚ ĚŽŵŝŶĂŶƚ
ĨĂŝůƵƌĞŵŽĚĞŽĨĐŽŶŶĞĐƚŝŽŶƐǁŝƚŚĨƌŝĐƚŝŽŶ-ƐůŝƉŵĞĐŚĂŶŝƐŵ ? 
x ĐĐŽŵŵŽĚĂƚŝŶŐ ĨƌŝĐƚŝŽŶ-ƐůŝƉ ŵĞĐŚĂŶŝƐŵ ƉƌŽǀŝĚĞƐ Ă ŚŽƌŝǌŽŶƚĂů ƐŚŝĨƚ ŝŶ ƚŚĞ ŚǇƐƚĞƌĞƚŝĐ
ŵŽŵĞŶƚ-ƌŽƚĂƚŝŽŶƌĞƐƉŽŶƐĞŽĨƚŚĞĐŽŶŶĞĐƚŝŽŶƐ ?ǁŚŝĐŚƌĞĚƵĐĞƐƚŚĞƐƚƌĞƐƐĐŽŶĐĞŶƚƌĂƚŝŽŶƐŝŶ
ƚŚĞĐŽŶŶĞĐƚŝŽŶǌŽŶĞĂŶĚƉŽƐƚƉŽŶĞƐ ƚŚĞ ĨĂŝůƵƌĞŽĨ ƚŚĞ&^ ďĞĂŵĞůĞŵĞŶƚ ? dŚĞĞĨĨĞĐƚŽĨ
ƉƌĞƚĞŶƐŝŽŶĨŽƌĐĞŝƐŐĞŶĞƌĂůůǇŶĞŐůŝŐŝďůĞŽŶƚŚĞĨůĞǆƵƌĂůĐĂƉĂĐŝƚǇŽĨƚŚĞĐŽŶŶĞĐƚŝŽŶƐ ?ǁŚŝůĞ
ƚŚĞ ďŽůƚ ĐŽŶĨŝŐƵƌĂƚŝŽŶ ĂŶĚ &^ ďĞĂŵ ĐƌŽƐƐ-ƐĞĐƚŝŽŶĂů ƐŚĂƉĞ ĂŶĚ ĐůĂƐƐŝĨŝĐĂƚŝŽŶ ƉůĂǇ ƚŚĞ
ŵĂŝŶ ƌŽůĞƐ ? 'ĞŶĞƌĂůůǇ ƵƐŝŶŐ ďĞŶƚ ĨůĂŶŐĞ ĐƌŽƐƐ-ƐĞĐƚŝŽŶ ĂŶĚ ƐƋƵĂƌĞ ďŽůƚ ĐŽŶĨŝŐƵƌĂƚŝŽŶ
ƉƌŽǀŝĚĞƐŚŝŐŚĞƌ ?ƵƉƚŽ ? ?A? ?ĨůĞǆƵƌĂůĐĂƉĂĐŝƚǇŝŶƚŚĞĐŽŶŶĞĐƚŝŽŶƐ ?ǁŚŝĐŚŝƐŵŽƌĞĞǀŝĚĞŶƚŝŶ
ƚŚĞĐĂƐĞŽĨŚŝŐŚĞƌƉůĂƚĞƚŚŝĐŬŶĞƐƐ ? 
x hƐŝŶŐďŽůƚŝŶŐ ĨƌŝĐƚŝŽŶ-ƐůŝƉŵĞĐŚĂŶŝƐŵĐĂŶƐŝŐŶŝĨŝĐĂŶƚůǇ ŝŵƉƌŽǀĞ  ?ƵƉ ƚŽ  ? ? ?A? ? ƚŚĞĞŶĞƌŐǇ
ĚŝƐƐŝƉĂƚŝŽŶ ĐĂƉĂĐŝƚǇŽĨ ƚŚĞ ĐŽŶŶĞĐƚŝŽŶƐ ?ĞƐƉĞĐŝĂůůǇ ǁŚĞŶ ĐůĂƐƐ  ? ĂŶĚ  ? ďĞĂŵƐĂƌĞ ƵƐĞĚ ?
^ƚŝĨĨĞŶĞĚ-ĨůĂŶŐĞ ĂŶĚ ĨŽůĚĞĚ-ĨůĂŶŐĞ ƐĞĐƚŝŽŶƐ ŐĞŶĞƌĂůůǇ ƉƌŽǀŝĚĞ ƚŚĞ ŚŝŐŚĞƐƚ ĞŶĞƌŐǇ
ĚŝƐƐŝƉĂƚŝŽŶ ĐĂƉĂĐŝƚǇ ? ǁŚŝůĞ ƵƐŝŶŐ ĚŝĂŵŽŶĚ ďŽůƚ ĐŽŶĨŝŐƵƌĂƚŝŽŶ ĐĂŶ ŝŶĐƌĞĂƐĞ ƚŚĞ ĞŶĞƌŐǇ
ĚŝƐƐŝƉĂƚŝŽŶĐĂƉĂĐŝƚǇŽĨƚŚĞĐŽŶŶĞĐƚŝŽŶƐǁŝƚŚĐůĂƐƐ ?ĂŶĚ ?ďĞĂŵƐďǇƵƉƚŽ ? ?A? ? 
x dŚĞ ƉƌŽƉŽƐĞĚ ĨƌŝĐƚŝŽŶ-ƐůŝƉ ŵĞĐŚĂŶŝƐŵ ĐĂŶ ƐŝŐŶŝĨŝĐĂŶƚůǇ ŝŶĐƌĞĂƐĞ  ?ƵƉ ƚŽ  ? ƚŝŵĞƐ ? ƚŚĞ
ĞƋƵŝǀĂůĞŶƚ ĚĂŵƉŝŶŐ ĐŽĞĨĨŝĐŝĞŶƚ ŽĨ ƚŚĞ ĐŽŶŶĞĐƚŝŽŶƐ ǁŝƚŚ ĐůĂƐƐ  ? ĂŶĚ  ? ďĞĂŵ ƐĞĐƚŝŽŶƐ ?
ǁŚŝůĞŝƚŵĂǇĐĂƵƐĞĂƐŵĂůůƌĞĚƵĐƚŝŽŶŝŶƚŚĞĚĂŵƉŝŶŐĐŽĞĨĨŝĐŝĞŶƚǁŚĞŶĐƌŽƐƐ-ƐĞĐƚŝŽŶƐĐůĂƐƐ
 ?ĂŶĚ  ?ĂƌĞƵƐĞĚ ?dŚŝƐƉƌŽďůĞŵĐĂŶďĞĂĚĚƌĞƐƐĞĚďǇĂĚũƵƐƚŝŶŐ ƚŚĞ ƐůŝƉ ƌĞƐŝƐƚĂŶĐĞ ƚŽďĞ
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ĂĐƚŝǀĂƚĞĚ ŝŶƚŚĞ ŝŶĞůĂƐƚŝĐƐƚĂŐĞŽĨŵŽŵĞŶƚ-ƌŽƚĂƚŝŽŶĐƵƌǀĞ ? /ƚǁĂƐĂůƐŽŽďƐĞƌǀĞĚƚŚĂƚ ƚŚĞ
ĞĨĨĞĐƚŽĨĐƌŽƐƐ-ƐĞĐƚŝŽŶĂůĐůĂƐƐŽŶƚŚĞĚĂŵƉŝŶŐĐŽĞĨĨŝĐŝĞŶƚŽĨƚŚĞĐŽŶŶĞĐƚŝŽŶƐŝƐƉƌĂĐƚŝĐĂůůǇ
ŶĞŐůŝŐŝďůĞ ? 
x dŚĞ ĚƵĐƚŝůŝƚǇ ŽĨ ƚŚĞ &^ ďŽůƚĞĚ ŵŽŵĞŶƚ ĐŽŶŶĞĐƚŝŽŶƐ ĐĂŶ ďĞ ƐŝŐŶŝĨŝĐĂŶƚůǇ  ?ƵƉ ƚŽ  ? ? ?A? ?
ŝŶĐƌĞĂƐĞĚ ďǇ ƵƐŝŶŐ ĨƌŝĐƚŝŽŶ-ƐůŝƉ ŵĞĐŚĂŶŝƐŵ ? ǁŚŝĐŚ ŝƐ ƉĂƌƚŝĐƵůĂƌůǇ ďĞŶĞĨŝĐŝĂů ĨŽƌ ĐŽůĚ-
ĨŽƌŵĞĚ ƐƚĞĞů ƐĞĐƚŝŽŶƐǁŝƚŚ ůŽǁĞƌ ƉůĂƚĞ ƚŚŝĐŬŶĞƐƐ  ?ĐůĂƐƐ  ? ĂŶĚ  ? ? ? &ŽůĚĞĚ-ĨůĂŶŐĞ ƐĞĐƚŝŽŶƐ
ŐĞŶĞƌĂůůǇ ƌĞƐƵůƚĞĚ ŝŶ ƚŚĞ ŚŝŐŚĞƐƚ ĚƵĐƚŝůŝƚǇ ƌĂƚŝŽƐ ? ǁŚŝůĞ ĚŝĂŵŽŶĚ ĂŶĚ ĐŝƌĐůĞ ďŽůƚ
ĐŽŶĨŝŐƵƌĂƚŝŽŶƐƉƌŽǀŝĚĞĚůĂƌŐĞƌĚƵĐƚŝůŝƚǇƌĂƚŝŽƐĨŽƌƚŚĞĐŽŶŶĞĐƚŝŽŶƐǁŝƚŚĐƌŽƐƐ-ƐĞĐƚŝŽŶĐůĂƐƐ
 ?ĂŶĚ  ?ĂŶĚĐůĂƐƐ  ?ĂŶĚ  ? ?ƌĞƐƉĞĐƚŝǀĞůǇ ? /ƚǁĂƐƐŚŽǁŶƚŚĂƚĐŽŶǀĞŶƚŝŽŶĂůďŽůƚĞĚŵŽŵĞŶƚ
ĐŽŶŶĞĐƚŝŽŶƐ ǁŝƚŚ ĐůĂƐƐ  ? ĂŶĚ  ? &^ ďĞĂŵ ƐĞĐƚŝŽŶƐ ĚŽ ŶŽƚ ŐĞŶĞƌĂůůǇ ƐĂƚŝƐĨǇ ƚŚĞ /^
ƌĞŐƵůĂƚŝŽŶƐ ĨŽƌ /D&ĂŶĚ^D&ƐǇƐƚĞŵƐ ?ŚŽǁĞǀĞƌ ?ĂĐĐŽŵŵŽĚĂƚŝŶŐ ƚŚĞ ďŽůƚŝŶŐ ĨƌŝĐƚŝŽŶ-ƐůŝƉ
ŵĞĐŚĂŶŝƐŵ ĐĂŶ ŝŵƉƌŽǀĞ ƚŚĞŝƌ ƐĞŝƐŵŝĐ ƉĞƌĨŽƌŵĂŶĐĞ ƚŽ ďĞ ƐƵŝƚĂďůĞ ĨŽƌŵŽŵĞŶƚ-ƌĞƐŝƐƚŝŶŐ
ĨƌĂŵĞƐŝŶŚŝŐŚƐĞŝƐŵŝĐƌĞŐŝŽŶƐ ? 
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